The current status of the application of covariant density functional theory to the description of fission barriers in actinides and superheavy nuclei is reviewed.
Introduction
A study of the fission barrier heights B f of nuclei is motivated by the importance of this quantity for several physical phenomena. For example, the r−process of stellar nucleosynthesis depends (among other quantities such as masses and β-decay rates) on the fission barriers of very neutronrich nuclei 1, 2 . The population and survival of hyperdeformed states at high spin also depends on the fission barriers 3, 4 . In addition, the physics of fission barriers is intimately connected with on-going search for new superheavy elements (SHE). The probability for the formation of a SHE in a heavyion-fusion reaction is directly connected to the height of its fission barrier 5 ; the large sensitivity of the cross section σ for the synthesis of the fissioning nuclei on the barrier height B f also stresses a need for accurate calculations of this value. The survival of the actinides and SHE against spontaneous fission depends on the fission barrier which is a measure of the stability of a nucleus reflected in the spontaneous fission lifetimes of these nuclei 7 . The recent progress in the description of fission barriers within covariant density functional theory (CDFT 6 ) is briefly reviewed in the current manuscript. The comparison with the results of other model calculations is presented. Open problems in the study of fission barriers are also discussed. 
Current status of the investigation of fission barriers in actinides
The progress in the development of computer codes and the availability of powerful computers has allowed to study in a systematic way the effects of triaxiality on the fission barriers leading to their realistic description. Within the CDFT framework, the inner fission barriers with triaxiality included have been studied for the first time in Ref.
11 using triaxial RMF+BCS approach and the NL3* parametrization 14 . Two years later, similar studies of fission barriers in actinides have been performed in Refs. 15, 16 using the RMF+BCS framework with the PC-PK1 and DD-PC1 parametrizations of the RMF Lagrangian. The accuracy of the description of the heights of inner fission barriers in these calculations is comparable with the one obtained in Ref.
11 . The calculations of Refs. 15 ]) are taken into account. They agree reasonably well with experimental data.
As compared with axially symmetric calculations, the inclusion of triaxiality has drastically improved the accuracy of the description of inner fission barriers in all model calculations (see Ref.
13 and references quoted therein). Fig. 1 a shows that the state-of-the-art calculations within different theoretical frameworks (including CDFT) are characterized by comparable accuracy (the δ-values) of the description of inner fission barriers. Note that this comparison covers only the results of systematic triaxial calculations of even-even Th, U, Pu, Cm and Cf nuclei. Recent calculations within Skyrme DFT are also characterized by similar accuracy of the description of fission barriers 17, 18 . Minor differences between the approaches in the obtained average deviations per barrier ( Fig. 1) are not important considering the considerable uncertainties in the extraction of inner fission barrier heights from experimental data (see discussion in Ref. 19 ). However, the similarity of the average trends of these deviations (shown by thick dashed lines in Fig. 1 ) as a function of neutron and proton numbers is more important considering the differences in underlying mean fields and in the treatment of pairing correlations. At present, no clear explanation for these trends is obtained 13, 19 .
The investigations of Refs. 11, 15, 16 clearly indicate that good description of fission barriers in actinides in the CDFT framework is obtained with the parametrizations fitted with no information on fission barriers. On the contrary, successful description of fission barriers in actinides within nonrelativistic DFT is based on the parametrizations which explicitly use either fission barrier heights (SkM* in Skyrme DFT and D1S in Gogny DFT) or fission isomer excitation energies (UNEDF1 in Skyrme DFT); the latter being strongly correlated with inner fission barrier height.
3. Fission barriers in superheavy nuclei. models reaches 6 MeV in some nuclei. This is despite the fact that these models describe the inner fission barriers in actinides with comparable level of accuracy. The more surprising fact is that the prediction of two MM models differ so substantially; in reality the 'MM (Kowal)' model predictions are closer to the CDFT ones than to the 'MM (Möller)' predictions.
Some open questions
The results in the SHE region raise a number of questions which require further investigation. Among these, for example, are
• A. How the pairing evolves with deformation? How well the pairing strength is defined for SHE?
• B. How the accuracy of the description of the energies of the singleparticle states and its evolution with deformation affects the results of the calculations?
I will concentrate on question A. Table IV in Ref. 13 shows the large variety of pairing prescriptions used in the calculations of fission barriers during last decade. The question definitely emerges how well they describe the evolution of pairing with deformation and extrapolate towards SHE. These features are important for a quantitative description of fission barrier heights which according to Ref.
23 sensitively depend on pairing properties. Although some attempts were made in 70ies to extract the information on pairing properties at fission saddles of actinides 24 , they did not lead to reliable estimates. It is even more difficult to get information on pairing properties of SHE due to the lack of relevant experimental data. As a consequence, as accurate as possible description of pairing properties in actinides and light SHE should be considered as a necessary condition for further extrapolation to heavier SHE.
In order to address these questions, a comprehensive study of pairing and rotational properties of actinides is performed in Ref. 25 in the cranked relativistic Hartree-Bogoliubov (CRHB) framework. In this approach, the Brink-Booker part of phenomenological non-relativistic Gogny-type finite range interaction
is used in pairing channel. In addition, an approximate particle number projection by means of Lipkin-Nogami (LN) method is employed. The analysis indicates that the pairing strength has to be decreased as compared with original D1S Gogny force; the scaling factor f is equal to 0.899 and 0.9147 for the NL3* and NL1 parametrizations, respectively. Only with these scaling factors, the moments of inertia and odd-even mass staggerings (the ∆
indicators) can be well described in the normal-deformed (ND) minimum ( Figs. 3 and 4) . Fission isomers provide only available tool to estimate the evolution of pairing with deformation in actinides. Such an estimate is available only through the study of rotational properties of 236,238 U and 240 Pu nuclei; these are only nuclei for which superdeformed (SD) rotational bands were experimentally measured. The calculated charge quadrupole moments Q are compared with available experimental data in Table 1 . The CRHB+LN(NL3*) results of the calculations come reasonably close to experiment. The CRHB+LN(NL1) results are also not far away from experimental data but they substantially overestimate experimental Q value in 238 U. The experimental kinematic moments of inertia are best described by the NL3* parametrization; the deviation from experiment does not exceed 3.4% (Fig. 5) . The fact that the moments of inertia of rotational structures in two different minima (ND and SD) are accurately described with the same pairing strength strongly suggests that the evolution of pairing correlations with deformation is properly described in the CRHB+LN(NL3*) framework by the Gogny D1S pairing. Moments of inertia J (1, 2) [MeV However, this is not always the case since the CRHB+LN(NL1) calculations substantially overestimate the experimental moments of inertia in the SD minimum [for example, by 11.3% in 240 Pu] (Fig. 5) while they reproduce the low-spin moments of inertia in the ND minimum with the same level of accuracy as the CRHB+LN(NL3*) calculations (see Fig. 4 ). It turns out that reasonable description of the moments of inertia at SD can be achieved in the CRHB+LN(NL1) calculations only if scaling factor f ≈ 1.0 is used. This clearly indicates that even the pairing force carefully fitted to experimental data at ND does not guarantee accurate description of pairing at SD (and as a consequence also at fission saddle).
The origin of such behavior is not completely clear but the difference between the CRHB+LN(NL3*) and CRHB+LN(NL1*) results for J (1) at SD may also partially originate from the differences in the single-particle structures at superdeformation obtained with the NL3* and NL1 parametrizations. The Q values obtained in the CRHB+LN(NL1) calculations are always higher than the ones for CRHB+LN(NL3*), which also may be a reason why the CRHB+LN(NL1) calculations systematically overestimate kinematic moments of inertia at SD.
Conclusions
The review of the recent applications of covariant density functional theory to the description of fission barriers in actinides and superheavy nuclei is presented. Inner fission barriers of actinides are described with comparable accuracy in the MM and DFT (including CDFT) calculations. However, the predictions for fission barriers of SHE within different frameworks vary drastically indicating the need for better parametrizations of different channels of the models. In particular, a better pairing force and its better parametrization is needed. An effort to improve the Gogny pairing force in the RHB framework, the first results of which are presented here, is currently in progress.
